Twin wire submerged arc welding (SAW) is widely used in the joining of oil or gas pipelines because of its high productivity. However, when it is applied to join the high strength steel pipe, the heat affected zone (HAZ), especially the coarse grain zone, becomes very brittle. To investigate the strength and toughness of HAZ, thermal cycles in HAZ due to twin wire SAW must be studied. In present studies, theoretical equations of twin wire welding thermal cycles for both a thick plate and a thin plate were developed. The critical thicknesses for both a thick plate and a thin plate were determined. The welding thermal cycles for a medium thickness plate were predicted by linear interpolation using results of both a thick plate and a thin plate. Through the theoretical equations, thermal cycles of twin wire SAW with actual welding conditions used in pipe fabrication were predicted and verified by both FEM and experiment. A good agreement among theoretical results, FEM and experimental results was achieved. Furthermore, the microstructures and Vicker's hardness of HAZ was predicted based on CCT diagram and thermal cycles calculated by the proposed theoretical equations. Predicted microstructures and hardness were compared with the experimental ones. A good agreement was also obtained.
Introduction
Submerged arc welding (SAW) process is widely used for joining large structures such as pipelines, ship structures and bridges because of its high productivity. Twin wire SAW is superior to conventional single wire SAW due to its higher deposition rates, higher travel speeds, lower heat inputs, lower power consumption and less undercutting 1, 2, 3, 4) . A pipe steel X80 is a kind of high strength low alloy steels produced with thermal-mechanical controlled processing. With the increase of welding heat input, grains in heat affected zone (HAZ) especially in the partial fusion zone become coarse and M-A constituents appear which decrease toughness of HAZ 5, 6) .
To improve and furthermore to guarantee mechanical properties of welded pipes, many experimental investigations on microstructure and mechanical properties must be performed by changing welding conditions which produces different thermal cycles with different peak temperature and cooling time t 8-5 7,8) .
Although the welding thermal cycles can be easily computed by finite element method (FEM), engineers and technicians in industries prefer to use simple equations to investigate microstructure and mechanical properties in their laboratories.
There are some theoretical equations for the prediction of thermal cycles due to singe wire arc welding. Rosenthnal 9-11) gave some popular analytical solutions using idealized welding heat source models for calculating the thermal history of welded joint. These analytical equations can give quite accurate solution for a very thick plate and a very thin plate in the regions where the peak temperature is lower than the melting point 11)
. To predict the welding thermal cycles for a middle thick plate, some analytical empirical equations [12] [13] [14] were derived using the results of both a thick plate and a thin plate in single wire arc welding. Using material properties shown in Table 1 and welding conditions shown in Table 2 , thermal cycles due to the leading wire, the trailing wire and twin wires at point r=5mm are calculated by Eq.1 and shown in Fig.2 . The peak temperature due to the leading wire is higher and its reaching time is earlier than those due to the trailing wire. The peak temperature for twin wire welding is reached at the time of cooling process of the leading wire and heating process of the trailing wire. In order to get analytical solutions of the peak temperature and its reaching time and also cooling time t 8-5 , differential operation should be performed on Eqs.1 and 2. However, it's rather difficult to get simple formula. Here, Eqs.1 and 2 are simplified into Eqs.1' and 2' by adding a contribution parameter of the trailing wire energy to the leading wire including an influencing factor f of distance between the twin welding wires. ( 1 ' )
The peak temperature and cooling time t 8-5 for thin and thick plate can be derived from Eqs.1'.and 2' as follows: 
To determine the parameter and the factor f in Eq.3 by data fitting method, more than 700 sets of data with changing welding conditions listed in Table 3 were created using Eqs.1-2 and Eqs.1'-2', and relative error R 2D and R 3D defined by Eq.8 and Eq.5 is shown in Fig.4 . A good agreement was obtained.
If the f is smaller than 0.04, the peak temperature given by Eq.4 becomes higher because the contribution of the trailing wire is over-estimated. If the f is larger than 0.04, the peak temperature given by Eq.4 is lower because the contribution of the trailing wire is under-estimated. With the same way, the effect of the factor f on the relative error R 3D between Eq.2 and Eq.6 was investigated as shown in by Eq.2 and Eq.7 is represented in Fig.6 .
If the factor f=0.04, the contribution parameter defined by Eq.3 is about 1.35 when the welding conditions listed in Table 2 are used.
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Theoretical equations for middle thick plate
The idealized Rosenthal's models are only available to thick plates and thin plates. However, the plates used in welded structures are middle thick plates. Generally, a weight factor is applied to the solutions of a thick plate and a thin plate for the calculation of thermal cycles, the peak temperature and cooling time of a middle thick plate 14, 15) . Here, similar factors for twin wire arc welding are adopted and the solutions for a middle thick plate (named as 2.5D) can be calculated using Eqs.9-11. The factors and in the Eqs.9-13 are weight factors for a middle thick plate, which are given by Eqs.12-13. The Eq.14 and Eq.15 give empirical formula of the critical thicknesses of a thin plate and a thick plate thickness based on experimental results in calculating the peak temperature and cooling time t . For twin wire welding, if the contribution parameter of the 2 nd wire heat input is considered, the critical thicknesses can be calculated by Eq.16 and Eq.17 respectively.
The relationship among the peak temperature, the cooling time and the critical thicknesses is shown in Fig.7 . 
Comparison of molten zone among theoretical prediction, FEM and Experiment results
To verify the effectiveness of the theoretical equations for twin wire SAW, a bead on plate welding was applied to a plate specimen of a pipe steel X80 using welding conditions listed in Table2. The molten zone by both the experimental measurement and FEM computation are shown in Fig.9 . The distance r w from the weld center to the fusion line, as shown in Fig.9 , can be theoretically predicted by Eq.10 if the molten temperature 1530 C of a pipe steel X80 is substituted into Eqs.4 and 6. The weld dimension r w obtained by theoretical prediction, FEM simulation and experimental measurement are listed in Table 5 , which are 8.1mm, 8.2mm and 9.1mm respectively. The predicted value agreed well with the results by measurement and FEM. 
Comparison of microstructure, hardness of HAZ between estimation and experiment
Using above welding conditions, the thermal cycle at point r=9mm located in HAZ calculated by proposed theoretical equations is shown together with CCT diagram in Fig.10 . The cooling curve passed the zones of microstructures QF, GB and BF.
The estimated microstructure components agreed with those by experimental observation as shown in Fig.11 . From the cooling curve, the hardness varying from HV221 to HV236 can be predicted, which is consistent with the measured Vicker's hardness HV221. 
Conclusions
(1) Theoretical equations of welding thermal cycle, the peak temperature and cooling time for a thick plate and a thin plate in the case of twin wire SAW were developed by introducing a parameter to the 3D heat source model and the 2D heat source model proposed by Rosenthal.
(2) Theoretical equations of the peak temperature and cooling time for a middle thick plate were proposed using the results of the thick plate 3D model and the thin plate 2D model, a 3D weight factor and a 2D weight factor . 
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